
Single-Dose Trivalent VesiculoVax Vaccine Protects Macaques
from Lethal Ebolavirus and Marburgvirus Challenge

Demetrius Matassov,a Chad E. Mire,c,d Theresa Latham,a Joan B. Geisbert,c,d Rong Xu,b Ayuko Ota-Setlik,b Krystle N. Agans,c,d

Dean J. Kobs,e Morgan Q. S. Wendling,e Amanda Burnaugh,e Thomas L. Rudge, Jr.,e Carol L. Sabourin,e Michael A. Egan,b

David K. Clarke,a Thomas W. Geisbert,c,d John H. Eldridgea,b

aDepartment of Virology and Vaccine Vectors, Profectus BioSciences Inc., Pearl River, New York, USA
bDepartment of Immunology, Profectus BioSciences Inc., Pearl River, New York, USA
cGalveston National Laboratory, University of Texas Medical Branch, Galveston, Texas, USA
dDepartment of Microbiology and Immunology, University of Texas Medical Branch, Galveston, Texas, USA
eBattelle Memorial Institute, Columbus, Ohio, USA

ABSTRACT Previous studies demonstrated that a single intramuscular (i.m.) dose
of an attenuated recombinant vesicular stomatitis virus (rVSV) vector (VesiculoVax
vector platform; rVSV-N4CT1) expressing the glycoprotein (GP) from the Mayinga
strain of Zaire ebolavirus (EBOV) protected nonhuman primates (NHPs) from lethal
challenge with EBOV strains Kikwit and Makona. Here, we studied the immunoge-
nicities of an expanded range of attenuated rVSV vectors expressing filovirus GP in
mice. Based on data from those studies, an optimal attenuated trivalent rVSV vector
formulation was identified that included rVSV vectors expressing EBOV, Sudan ebola-
virus (SUDV), and the Angola strain of Marburg marburgvirus (MARV) GPs. NHPs were
vaccinated with a single dose of the trivalent formulation, followed by lethal chal-
lenge 28 days later with each of the three corresponding filoviruses. At day 14 post-
vaccination, a serum IgG response specific for all three GPs was detected in all the
vaccinated macaques. A modest and balanced cell-mediated immune response spe-
cific for each GP was also detected in a majority of the vaccinated macaques. No
matter the level of total GP-specific immune response detected postvaccination, all
the vaccinated macaques were protected from disease and death following lethal chal-
lenge with each of the three filoviruses. These findings indicate that vaccination with a
single dose of attenuated rVSV-N4CT1 vectors each expressing a single filovirus GP may
provide protection against the filoviruses most commonly responsible for outbreaks of
hemorrhagic fever in sub-Saharan Africa.

IMPORTANCE The West African Ebola virus Zaire outbreak in 2013 showed that the
disease was not only a regional concern, but a worldwide problem, and highlighted
the need for a safe and efficacious vaccine to be administered to the populace.
However, other endemic pathogens, like Ebola virus Sudan and Marburg, also pose
an important health risk to the public and therefore require development of a vac-
cine prior to the occurrence of an outbreak. The significance of our research was the
development of a blended trivalent filovirus vaccine that elicited a balanced im-
mune response when administered as a single dose and provided complete protec-
tion against a lethal challenge with all three filovirus pathogens.
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Ebolavirus, Marburgvirus, and Cuevavirus comprise the Filoviridae (1). The genus
Ebolavirus contains five antigenically distinct species: Bundibugyo ebolavirus (BDBV),

Reston ebolavirus (RESTV), Tai Forest ebolavirus (TAFV), Sudan ebolavirus (SUDV), and
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Zaire ebolavirus (EBOV) (2, 3). The genus Marburgvirus (MARV) contains a single species
of the same name and a related but genetically distinct subtype named Ravn virus
(RAVV) (4). The genus Cuevavirus currently contains a single species, Lloviu cuevavirus
(LLOV), which was discovered by the isolation of RNA from dead bats found in southern
European caves (5). In sub-Saharan Africa, BDBV, SUDV, EBOV, and MARV have caused
sporadic epidemics of lethal hemorrhagic fever in humans, with case fatality rates of 23
to 90% (6, 7). In December 2013, an outbreak of EBOV in West Africa was the largest
ever recorded, with case fatality rates of up to 70%. As of 30 March 2016, the World
Health Organization (WHO) had reported a total of 28,647 suspected cases and 11,322
deaths (8), though the WHO believes that this substantially understates the magnitude
of the epidemic (9) At present, there are no licensed postinfection interventions,
although some approaches have shown promise in nonhuman primates (NHPs) (10–
12), and there is currently no licensed vaccine available for disease prevention in
communities where new outbreaks may occur. To meet this ever-present challenge, an
efficacious, single-dose, multivalent vaccine that rapidly provides protection against the
entire group of disease-causing viruses would be most desirable.

A number of vaccines expressing filovirus glycoproteins (GPs) have demonstrated
protective efficacy in NHP challenge studies, including recombinant human (rAd5,
rAd36, and rAd35) and chimpanzee (rChAd3) adenoviruses, plasmid DNA (pDNA),
modified vaccinia virus Ankara (MVA), virus-like particles (VLPs), alphavirus replicons,
recombinant human parainfluenza virus 3 (rHPIV 3), recombinant rabies virus (rRV), and
recombinant vesicular stomatitis virus pseudotyped with a filovirus GP (rVSVΔG-GP;
filovirus GP replacing VSV G glycoprotein) (reviewed by Falzarano et al. [13]). Of these
vaccine vectors, only rChAd3 and the rVSVΔG-GP pseudotype vaccines have demon-
strated single-dose protection in NHP filovirus challenge studies (14, 15), and only
rVSV-filovirus GP in a trivalent (trival) formulation has demonstrated single-dose pro-
tection against EBOV, SUDV, and MARV in NHPs (16). The rVSVΔG-GP pseudotype vector
has also demonstrated protective efficacy in phase II/III clinical trials conducted during
the recent EBOV (strain Makona) outbreak in West Africa (17). However, the rVSVΔG-GP
vaccine has been associated with a number of adverse reactions, including transient
postvaccination arthritis, a relatively high level of vaccine vector RNA in the blood of
trial participants, and vesicles on the skin distal to the inoculation site containing
infectious vaccine virus (18, 19).

To reduce these undesirable side effects, a more attenuated rVSV vector ex-
pressing filovirus GP has been developed. Attenuation was achieved by combining
VSV N gene translocation (N4) with truncation of the VSV G protein cytoplasmic tail
domain (CT1) (20). These modifications reduced the intracellular abundance of the
major structural N protein (21) and diminished the interaction between the VSV G
protein CT domain and the viral nucleocapsid core during particle maturation (22).
The resulting rVSV-N4CT1 vectors (also known as the VesiculoVax vaccine vector
platform technology) are profoundly attenuated in a highly sensitive mouse neu-
rovirulence (NV) model yet retain immunogenicity similar to that of the more
virulent wild-type rVSV vectors (23). The attenuated rVSV-N4CT1 vector also dem-
onstrated robust immunogenicity in NHPs following intramuscular (i.m.) inoculation
and only a very mild, transient inflammatory response after direct intrathalamic
inoculation (24). One of these vectors, HVTN 087, expressing HIV-1 gag protein
(rVSV-N4CT1gag1), demonstrated immunogenicity and safety in two completed
phase I clinical trials (25). The attenuated rVSV-N4CT1 vector genome was modified
to express GP protein from the Mayinga strain of EBOV, and the resulting vector
demonstrated complete single-dose protection of NHPs challenged with either the
Kikwit or Makona strain of EBOV (26, 27).

Here, we describe the generation of various attenuated rVSV vectors, including
rVSV-N4CT1, expressing MARV (Angola), EBOV (Mayinga), or SUDV (Boniface) GP; the
immunogenicities of the vectors in mice as monovalent (monoval) and trivalent vaccine
formulations; and the immunogenicity and protective efficacy of an optimal trivalent
vaccine formulation in NHPs challenged with all three viral pathogens.
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RESULTS
Recovery and characterization of rVSV-N4CT1 pan-FiloGP vectors. Vectors ex-

pressing EBOV, SUDV, and MARV GPs were recovered from Vero cells following elec-
troporation with pDNAs encoding the full-length rVSV-filoGP genomic cDNAs and VSV
helper proteins (Fig. 1A to D). In each case, the rescued virus was plaque purified and
amplified to produce virus seed stocks that were purified and concentrated for the in
vivo studies. Before proceeding to immunogenicity studies in mice and NHPs, the
vector genomes were completely sequenced to verify the fidelity of the open reading

FIG 1 Genetic organization of attenuated rVSV filovirus vaccine vectors and GP expression. (A) Vectors
of the rVSV-N4CT1 FiloGP1 design contained a filovirus GP gene(s) in position 1, an N gene translocation
(N4), and a truncated G gene (CT1). (B) Vectors of the rVSV-N4CT1 FiloGP3 design contained a filovirus
GP gene(s) in position 3, an N gene translocation (N4), and a truncated G gene (CT1). (C) rVSV-N1CT1
FiloGP3 vectors retained the VSV N gene in position 1, a filovirus GP gene(s) at position 3, and a truncated
form of the VSV G gene at position 6. (D) The rVSV-N4CT1 HIVgag1 vector contained the HIV-1 gag gene
in position1, an N gene translocation (N4), and a truncated G gene (CT1). The numbers designate genome
positions. Virus leader (Le), trailer (Tr), and intergenic regions are shown in black. The stippled regions
represent deletions in the VSV G gene. (E to G) Expression of the EBOV (E), SUDV (F), and MARV (G) GPs
by Western blotting.
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frames (ORFs) of all the genes. Expression of each filovirus GP was also demonstrated
by Western blot analysis (Fig. 1E to G). Three different vector designs were generated
for each filovirus vaccine in order to identify the design providing the best combination
of manufacturing yield and immunogenicity for NHP studies. Vectors of design A
contained the GP gene in position 1 of the viral genome immediately adjacent to the
3= transcription promoter in order to maximize GP expression. Vectors of design B were
designed to reduce GP expression �50% relative to design A by virtue of increased
distance of the GP gene from the 3= transcription promoter in the event that maximal
GP protein expression (design A) proved toxic to rVSV replication. Vector C did not
contain the major attenuating N4 gene translocation found in designs A and B and was
also designed to reduce expression of the VSV G protein, which is known to be a
dominant B cell antigen, in order to potentially enhance immune responses to the
filovirus GPs. Vector D expressing HIV-1 gag protein was used as a control vaccine for
mouse immunogenicity and NHP challenge studies. Vaccines for all three filoviruses
were generated in all three vector design configurations.

Immunogenicity of trivalent rVSV-N4CT1 pan-FiloGP vaccines in mice. In order
to identify an optimal rVSV-N4CT1 pan-FiloGP (EBOV, SUDV, and MARV GP) vaccine
vector design eliciting robust GP-specific immune responses when given as a trivalent
vaccine, a mouse immunogenicity study was designed (Fig. 2). For this study, groups of
15 BALB/c mice were immunized with two i.m. doses in study weeks 0 and 4. Over the
course of the study, 5 mice from each group were bled, and serum was prepared in
study weeks 0, 2, 4, 6, and 10 for the determination of filovirus GP-specific IgG titers by
enzyme-linked immunosorbent assay (ELISA) (Fig. 3A to C). In addition, 5 mice from
each group were sacrificed at study week 1 (1 week post-priming immunization), week
5 (1 week post-booster immunization), and week 10 (6 weeks post-booster immuniza-
tion) to quantitate filovirus GP-specific gamma interferon (IFN-�) enzyme-linked immu-
nosorbent spot (ELISpot) assay responses (Fig. 4).

As shown in Fig. 3A, for the vaccinated mice in group 1 (trival N4CT1 pan-FiloGP1),
group 2 (trival N4CT1 pan-FiloGP3), and group 3 (trival N1CT1 pan-FiloGP3), the EBOV
GP-specific IgG ELISA log10 endpoint titers increased in week 2 following vaccination
and continued to increase through week 4. At study week 4, EBOV GP-specific log10

endpoint titers in groups 1 and 3 were highest (4.18 � 0.08 and 4.11 � 0.11,
respectively), with significantly (P � 0.05) lower responses to EBOV GP in group 2 mice
vaccinated with trivalent rVSV-N4CT1 pan-FiloGP3 vaccine (3.77 � 0.22). Following the
vaccine boost in week 4, EBOV GP-specific IgG ELISA log10 endpoint titers increased by
approximately 1.5 log units and were significantly higher in groups 1 and 3 (trival

FIG 2 Mouse study design comparing immunogenicities of trivalent vaccine designs. (A) Study design.
(B) Study schedule.
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N4CT1 pan-FiloGP1- and trival N1CT1 pan-FiloGP3-immunized) mice than in the group
2 (trival N4CT1 pan-FiloGP3-immunized) mice at study week 10.

As shown in Fig. 3B, the SUDV GP-specific IgG ELISA responses over time were very
similar to the EBOV GP-specific IgG ELISA responses shown in Fig. 3A. Following
immunization, the SUDV GP-specific IgG ELISA log10 endpoint titers increased in week
2 and continued to increase through week 4. At study week 4, the SUDV GP-specific
log10 endpoint titers in group 1 were highest (4.35 � 0.09), with lower responses to
SUDV GP in group 2 mice vaccinated with trivalent rVSV-N4CT1 pan-FiloGP3 vaccine
(3.89 � 0.12; P � 0.05) and group 3 mice vaccinated with trivalent rVSV-N1CT1
pan-FiloGP3 vaccine (4.01 � 0.15). Following the vaccine boost in week 4, SUDV
GP-specific IgG ELISA log10 endpoint titers increased approximately 1.5 log units and
were significantly higher in group 2 (trival N4CT1 pan-FiloGP3-immunized) mice than in
the group 1 immunized mice at study week 10.

After a single priming immunization, group 2 and 3 MARV GP-specific log10 end-
point titers at study week 2 were 1 to 1.5 log units lower than the EBOV/SUDV
GP-specific IgG ELISA responses (Fig. 3C). As seen for EBOV- and SUDV-specific re-
sponses, MARV GP-specific IgG ELISA log10 endpoint titers increased approximately 1.5
log units following the vaccine boost in week 4 but trended approximately 1 log unit

FIG 3 Filovirus GP-specific IgG ELISA titer responses in BALB/c mice immunized with trivalent vaccine. At
study weeks 0 and 4 (arrows), BALB/c mice were immunized i.m. with 3 � 107 PFU of trivalent
rVSV/filovirus vaccines. At study weeks 0, 2, 4, 6, and 10, sera were collected and tested for EBOV
GP-specific (A), SUDV GP-specific (B), and MARV GP-specific (C) IgG responses by ELISA. The data
represent the average log-transformed filovirus GP-specific IgG endpoint titers, with the standard errors
of the means indicated by the error bars. *, statistically significant difference (P � 0.05) between trivalent
rVSV-N4CT1 pan-FiloGP1 and trivalent rVSV-N4CT1 pan-FiloGP; #, statistically significant difference (P �
0.05) between trivalent rVSV-N4CT1 pan-FiloGP3 and trivalent rVSV-N1CT1 pan-FiloGP3.
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lower than the EBOV and SUDV GP-specific responses at study week 10. Notably, the
magnitude of the MARV GP-specific response detected in group1 mice vaccinated with
trivalent rVSV-N4CT1 pan-FiloGP1 was the highest of all three vector designs at all time
points postvaccination.

As shown in Fig. 4, a single immunization with the trivalent rVSV-N4CT1 pan-FiloGP1
vaccine candidate elicited an average total filovirus GP-specific IFN-� ELISpot response
of 840 � 140 spot-forming cells (SFC)/106 splenocytes, a response that was very similar
to that seen following a single immunization with the trivalent rVSV-N1CT1 pan-FiloGP3
vaccine candidate (928 � 147 SFC/106 splenocytes). In contrast, a single immunization
with the trivalent rVSV-N4CT1 pan-FiloGP3 vaccine candidate resulted in a substantially
reduced average total filovirus GP-specific IFN-� ELISpot response (70 � 43 SFC/106

splenocytes).
At 1 week postboost (week 5), the trivalent rVSV-N4CT1 pan-FiloGP1 vaccine can-

didate elicited an average total filovirus GP-specific IFN-� ELISpot response of 1,843 �

224 SFC/106 splenocytes, a response that was significantly increased (P � 0.05) relative
to the response seen following two doses of trivalent rVSV-N1CT1 pan-FiloGP3 vaccine
(757 � 91 SFC/106 splenocytes) and the response seen following two doses of trivalent
rVSV-N4CT1 pan-FiloGP3 vaccine (547 � 150 SFC/106 splenocytes).

At 6 weeks postboost (week 10), the IFN-� ELISpot response elicited by trivalent
rVSV-N4CT1 pan-FiloGP1 vaccine decreased to 577 � 97 SFC/106 splenocytes, a re-
sponse that was again similar to the response seen following two doses of trivalent
rVSV-N1CT1 pan-FiloGP3 vaccine (609 � 95 SFC/106 splenocytes).

Based on these collective data, the trivalent rVSV-N4CT1 pan-FiloGP1 vector was
selected for further studies in mice to investigate any differences in GP-specific immu-
nogenicity between monovalent and trivalent vaccine formulations.

Immunogenicity of monovalent versus trivalent rVSV-N4CT1 pan-FiloGP1 vac-
cines in mice. We next sought to determine if immunization with the trivalent
rVSV-N4CT1 pan-FiloGP1 vaccine formulation resulted in filovirus GP-specific immuno-
competition and reduced GP-specific immunity relative to immunization with monova-
lent rVSV-N4CT1 pan-FiloGP1 vaccines. For this study, mice were immunized i.m. with
two doses of vaccine in study weeks 0 and 4. Over the course of the study, 5 mice from
each group were bled, and serum was prepared in study weeks 0, 2, 6, and 10 for the
determination of filovirus GP-specific IgG titers by ELISA. In addition, 5 mice from each

FIG 4 Filovirus GP-specific IFN-� ELISpot responses in BALB/c mice immunized with trivalent vaccine. At
study weeks 1, 5, and 10, splenocytes were collected and tested for EBOV GP, SUDV GP, and MARV GP
peptide pool-specific IFN-� secretion by ELISpot assay. The data represent the average total filovirus-
specific IFN-� ELISpot responses, with the standard errors of the mean indicated by the error bars. *,
statistically significant (P � 0.05) difference relative to trivalent rVSV-N4CT1 pan-FiloGP3 and trivalent
rVSV-N1CT1 pan-FiloGP3; **, statistically significant (P � 0.05) difference relative to trivalent rVSV-N4CT1
pan-FiloGP3.
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group were sacrificed in study week 1 (1 week post-priming immunization), week 5 (1
week post-booster immunization), and week 10 (6 weeks post-booster immunization)
to quantitate filovirus GP-specific IFN-� ELISpot responses.

As seen in Fig. 5, at 1 week postprime, group 1 mice, which received a single
immunization with the monovalent rVSV-N4CT1 EBOVGP1 vaccine, demonstrated an
average EBOV GP-specific IFN-� ELISpot response of 559 � 99 SFC/106 splenocytes, a
response that was significantly higher than the response seen following a single
immunization with the trivalent rVSV-N4CT1 pan-FiloGP1 vaccine (group 4; 123 � 33
SFC/106 splenocytes). Similarly, group 2 mice, which received a single immunization
with the monovalent rVSV-N4CT1 SUDVGP1 vaccine, demonstrated an average SUDV
GP-specific IFN-� ELISpot response of 452 � 93 SFC/106 splenocytes, a response that
was significantly higher than the response seen following a single immunization with
the trivalent rVSV-N4CT1 pan-FiloGP1 vaccine (group 4; 144 � 30 SFC/106 splenocytes).
In addition, group 3 mice, which received a single immunization with the monovalent
rVSV-N4CT1 MARVGP1 vaccine, demonstrated an average MARV GP-specific IFN-�
ELISpot response of 348 � 44 SFC/106 splenocytes, a response that was significantly
higher than the response seen following a single immunization with the trivalent
rVSV-N4CT1 pan-FiloGP1 vaccine (group 4; 115 � 29 SFC/106 splenocytes).

One week postboost, SUDV GP-specific IFN-� ELISpot responses were similar to
those seen in the trivalent-vaccine-immunized mice; however, EBOV and MARV GP-
specific IFN-� ELISpot responses remained significantly higher in the monovalent-
vaccine-immunized mice than in trivalent-vaccine-immunized mice. Finally, at 6 weeks
postboost, both SUDV and MARV GP-specific IFN-� ELISpot responses were similar in
trivalent- and monovalent-vaccine-immunized mice; however, EBOV GP-specific IFN-�
ELISpot responses remained significantly higher in the monovalent-vaccine-immunized
groups than in the trivalent-vaccine-immunized mice.

Interestingly, 6 weeks after two immunizations with the monovalent rVSV-N4CT1
EBOVGP1 vaccine, 5 of 5 (100%) group 1 mice demonstrated a cross-reactive SUDV
GP-specific IFN-� ELISpot response. whereas 0 of 5 (0%) group 2 mice immunized with
the monovalent rVSV-N4CT1 SUDVGP1 vaccine demonstrated a detectible cross-
reactive EBOV GP-specific IFN-� ELISpot response. In contrast, 0 of 5 (0%) group 3 mice
immunized with the monovalent rVSV-N4CT1 MARVGP1 vaccine demonstrated a de-
tectible cross-reactive EBOV or SUDV GP-specific IFN-� ELISpot response (data not
shown).

FIG 5 Filovirus GP-specific IFN-� ELISpot titer responses in BALB/c mice immunized with monovalent and
trivalent rVSV-N4CT1 FiloGP1 vaccines. At study weeks 1, 5, and 10, splenocytes were collected and
tested for EBOV GP, SUDV GP, and MARV GP peptide pool-specific IFN-� secretion by ELISpot assay. The
data represent the average total filovirus-specific IFN-� ELISpot responses, with the standard errors of the
mean indicated by the error bars. *, statistically significant difference (P � 0.05) between the monovalent
rVSV-N4CT1 FiloGP1- and trivalent rVSV-N4CT1 pan-FiloGP1-immunized mice.
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As shown in Fig. 6A, for the vaccinated mice in group 1 (monoval N4CT1 EBOVGP1)
and group 4 (trival N4CT1 pan-FiloGP1), EBOV GP-specific IgG ELISA log10 endpoint
titers increased by week 2 following vaccination and continued to increase after
boosting (week 6). At study week 6, 2 weeks after the booster immunization, EBOV
GP-specific log10 endpoint titers in group 1 were highest (5.58 � 0.07) and were
significantly (P � 0.05) higher than the EBOV GP-specific log10 endpoint titers in the
group 4 mice vaccinated with the trivalent rVSV-N4CT1 pan-FiloGP1 vaccine (5.24 �

FIG 6 Filovirus GP-specific IgG ELISA titer responses in BALB/c mice immunized with monovalent and
trivalent rVSV-N4CT1 FiloGP1 vaccines. At study weeks 0 and 4 (arrows), BALB/c mice were immunized
i.m. with 1 � 107 PFU of each monovalent rVSV-N4CT1 FiloGP1 vaccine or with 3 � 107 PFU of the
trivalent rVSV-N4CT1 pan-FiloGP1 vaccine. At study weeks 0, 2, 6, and 10, sera were collected and tested
for EBOV GP-specific (A), SUDV GP-specific (B), and MARV GP-specific (C) IgG responses by ELISA. The data
represent the average log-transformed filovirus GP-specific IgG endpoint titers, with the standard errors
of the mean indicated by the error bars. *, statistically significant difference (P � 0.05) between the
monovalent rVSV-N4CT1 FiloGP1- and trivalent rVSV-N4CT1 pan-FiloGP1-immunized mice.
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0.06). However, by study week 10, the difference in the EBOV GP-specific log10 endpoint
titers detected in the monovalent- and the trivalent-vaccine-immunized mice was no
longer significant. Interestingly, 5 of 5 mice in group 2 vaccinated with monovalent
rVSV-N4CT1 SUDVGP1 demonstrated measurable cross-reactive EBOV GP-specific IgG
responses.

As shown in Fig. 6B, for the vaccinated mice in group 2 (monoval N4CT1 SUDVGP1)
and group 4 (trival N4CT1 pan-FiloGP1), SUDV GP-specific IgG ELISA log10 endpoint
titers increased by week 2 following vaccination and increased only slightly at week 6
following the boost. At study week 6, 2 weeks after the booster immunization, SUDV
GP-specific log10 endpoint titers in group 2 were highest (5.12 � 0.08) but were not
significantly different from the SUDV GP-specific log10 endpoint titers in group 4 mice
vaccinated with the trivalent rVSV-N4CT1 pan-FiloGP1 vaccine (4.86 � 0.10). Consistent
with the IFN-� ELISpot data, 5 of 5 mice in group 1 vaccinated with monovalent
rVSV-N4CT1 EBOVGP1 demonstrated measurable cross-reactive SUDV GP-specific IgG
responses.

As shown in Fig. 6C, for the vaccinated mice in group 3 (monoval N4CT1 MARVGP1)
and group 4 (trival N4CT1 pan-FiloGP1), MARV GP-specific IgG ELISA log10 endpoint
titers increased by week 2 following vaccination and continued to increase following
boost at week 6. At study week 6, 2 weeks after the booster immunization, MARV
GP-specific log10 endpoint titers in group 3 were highest (5.25 � 0.08) but were not
significantly different from the MARV GP-specific log10 endpoint titers in the group 4
mice vaccinated with the trivalent rVSV-N4CT1 pan-FiloGP1 vaccine (5.12 � 0.13).
However, by study week 10, the MARV GP-specific ELISA response in the trivalent
rVSV-N4CT1 pan-FiloGP1-vaccinated mice appeared to decline more rapidly, and the
0.35 log10 difference in the MARV GP-specific ELISA response between the monovalent-
and the trivalent-vaccine-immunized mice reached statistical significance. Consistent
with the IFN-� ELISpot data, none of the mice in group 1, vaccinated with monovalent
rVSV-N4CT1 EBOVGP1 vaccine, and none of the mice in group 2, vaccinated with
monovalent rVSV-N4CT1 SUDVGP1 vaccine, demonstrated measurable cross-reactive
MARV GP-specific IgG responses.

Immunogenicity of trivalent rVSV-N4CT1 pan-FiloGP1 vaccine in macaques. A
total of 15 cynomolgus macaques were vaccinated i.m. with a trivalent rVSV-N4CT1
pan-FiloGP1 vaccine formulation containing 1 � 107 PFU of each vector, for a total dose
of 3 � 107 PFU/macaque (Fig. 7A and B). Six macaques were vaccinated with an

FIG 7 NHP study design to assess immunogenicity and protective efficacy of a trivalent rVSV-N4CT1
pan-FiloGP1 panfilovirus vaccine. (A) Study design. (B) Study schedule of events.
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equivalent dose of rVSV-N4CT1 HIVgag1 as a study control. Blood samples were drawn
14 days before vaccination, immediately before dosing on the day of vaccination, and
10 or 14 days after vaccination to assess cellular and humoral immune responses
elicited against each GP protein. The humoral immune response elicited by each vector
was assessed by measuring serum GP-specific IgG binding antibody by ELISA and
filovirus GP-specific neutralization activity by a 50% plaque reduction neutralization
(PRNT50) test. IgG responses specific for each of the three filovirus GPs were detected
by ELISA 10 and 14 days after vaccination and are shown in Fig. 8A.

FIG 8 Filovirus GP-specific IgG ELISA titers and IFN-� ELISpot responses in macaques immunized with the
trivalent rVSV-N4CT1 pan-FiloGP1 vaccine. At study day 0, macaques were immunized i.m. with 3 � 107 PFU
of the trivalent rVSVN4CT1 pan-FiloGP1 vaccine. As a control, macaques were immunized with 3 � 107 PFU
of rVSV N4CT1gag1. (A) At study days 0, 10, and 14, sera were collected and tested for EBOV GP-, SUDV GP-,
and MARV GP-specific IgG responses by ELISA. The data represent the average log-transformed filovirus
GP-specific IgG concentrations, with the standard errors of the mean indicated by the error bars. (B) At
study day 10, PBMCs were collected and tested for EBOV GP, SUDV GP, and MARV GP peptide pool-specific
IFN-� secretion by ELISpot assay. The data represent the individual NHP total filovirus-specific IFN-� ELISpot
responses. *, antigen-specific IFN-� ELISpot response of �25 SFC/106 PBMCs.
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Cell-mediated immune (CMI) responses in the peripheral blood mononuclear cells
(PBMCs) of macaques were assessed by IFN-� ELISpot assay 10 days postvaccination
(Fig. 8B). The magnitudes of individual filovirus GP-specific CMI responses were prob-
ably not peak values, which typically occur 7 days postvaccination with rVSV vectors
(23, 24), but the timing of the assay was chosen to coincide with blood collection for
the IgG assay in order to minimize the number of bleeds and the resulting discomfort
for the macaques. Above-background CMI responses were detected in 6 of the 15
macaques receiving the trivalent vaccine. Of those positive responders, 4 of 6 demon-
strated balanced CMI responses to all three filovirus GP proteins. Collectively, the
antibody and CMI data indicated that a single i.m. dose of trivalent rVSV-N4CT1
pan-FiloGP1 vaccine elicited a rapid and balanced GP-specific immune response in
macaques.

Efficacy of trivalent rVSV-N4CT1 pan-FiloGP1 vaccine in macaques. At day 28
postvaccination, 3 groups of 7 macaques, each group containing 5 vaccinees and 2
controls, were challenged i.m. with 1,000 PFU of low-passage-number EBOV (strain
Kikwit), SUDV (strain Gulu), or MARV (strain Angola). By days 6 to 9 postchallenge,
control macaques in all three groups had succumbed, while all 15 macaques receiving
trivalent rVSV-N4CT1 pan-FiloGP1 vaccine remained generally healthy and survived the
lethal filovirus challenge (Fig. 9). Following EBOV challenge, one macaque vaccinated
with the trivalent vaccine had a pattern of altered serum chemistry and hematology
similar to that of the 2 sham-vaccinated control macaques and also showed signs of
mild depression and anorexia; however, this macaque did not display any other signs
of illness and returned to normal health by day 14 postchallenge. Similar observations
were made for 2 macaques receiving the trivalent vaccine and challenged with SUDV
and 1 macaque receiving trivalent vaccine and challenged with MARV.

Postchallenge filovirus level in plasma. The levels of postchallenge filovirus
genomic RNA and infectious virus present in plasmas from macaques were assessed by
real-time quantitative PCR (RT-qPCR) (Fig. 10A, C, and E) and plaque assay (Fig. 10B, D,
and F), respectively. There was no detectible infectious virus present in plasma from any
of the 15 macaques receiving trivalent vaccine at any time postchallenge, contrasting
with peak levels of infectious virus (7 to 8 log10 PFU/ml) detected in plasma from
sham-vaccinated macaques by day 6 postchallenge (Fig. 10B, D, and F). Peak levels of
EBOV genomic RNA (�2 � 106 to 1 � 109/ml) were detected in plasma at day 6
postchallenge in 4 of the 5 vaccinated macaques, remaining detectable at reduced
levels until day 21 postchallenge in one of these macaques. However, it is notable that
the peak levels of EBOV genomic RNA detected in the 2 sham-vaccinated macaques at
day 6 postchallenge was at least 3 orders of magnitude greater than in vaccinated
macaques. Similarly, very high levels of filovirus genomic RNA were detected in
sham-vaccinated macaques at day 6 postchallenge with either SUDV or MARV, while
viral genomic RNA was detected at a relatively low level in only 1 of the 5 vaccinated
macaques at day 6 post-SUDV challenge and not in any macaques at any time
post-MARV challenge.

DISCUSSION

Previous work demonstrated protective efficacy of a single i.m. dose of an attenu-
ated rVSV-N4CT1 EBOVGP1 vaccine against lethal EBOV challenge in NHPs (26, 27). As
an extension of that work, we evaluated the immunogenicities of various similarly
attenuated vectors expressing EBOV (Mayinga), SUDV (Boniface), and MARV (Angola)
GP proteins in mice. The studies identified an optimal vector design for further
evaluation of the immunogenicity and protective efficacy of a single-dose trivalent
vaccine formulation following lethal challenge with EBOV, SUDV, and MARV in NHPs.

The recent epidemic of the Makona strain of EBOV in West Africa has highlighted the
urgent need for an efficacious vaccine to combat future filovirus outbreaks and to save
lives and suffering in sub-Saharan Africa. One such candidate vaccine developed by
Merck has recently demonstrated efficacy in a phase III clinical trial using a ring
vaccination strategy at sites of disease in West Africa (17). This vaccine is also an
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rVSV-based vector, modified by exchanging the VSV G gene with the GP gene from the
Mayinga strain of EBOV (14, 28). While the vaccine appears to be efficacious, there are
some undesirable vaccine-associated side effects, including postvaccination arthritis,
vesicle formation distal to the inoculation site from which viral RNA can be isolated,
moderate to severe postvaccination fever persisting for 2 to 3 days, and relatively
robust viremia indicated by the presence of viral RNA in blood 2 to 3 days after
vaccination (18, 19). While robust vaccine virus replication likely contributes to vaccine
efficacy, circulation of high levels of virus throughout the body raises concerns about
potential long-term vaccine side effects, in addition to the undesirable short-term
adverse events. In an effort to address the short- and potential long-term side effects
associated with the rVSVΔG FiloGP pseudotype vaccine, we developed a more atten-
uated rVSV-N4CT1 vector expressing GP protein that can protect NHPs from lethal EBOV

FIG 9 Postchallenge survival of cynomolgus macaques immunized with the trivalent rVSV-N4CT1
pan-FiloGP1 vaccine. At study day 0, macaques were immunized i.m. with 3 � 107 PFU of the trivalent
rVSV-N4CT1 pan-FiloGP1 vaccine. As a control, macaques were immunized with 3 � 107 PFU of an
rVSV-N4CT1gag1 vector. At study day 28, the macaques were challenged i.m. with 1,000 PFU 7U EBOV
Kikwit (A), SUDV Gulu (B), or MARV Angola (C).
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challenge (26, 27) and that is currently under phase I clinical evaluation. However, a
monovalent EBOV vaccine is unlikely to provide protection from antigenically distinct
filoviruses, such as SUDV and MARV, both of which have been responsible for sporadic
deadly outbreaks of disease in sub-Saharan Africa (6, 7). We address this need with the
development of the trivalent vaccine described here.

One critical consideration for multivalent, replication-competent viral vaccines is the
potential for interference between vaccine components, either through replicative
competition among constituent vectors or through immunological competition among
target antigens, creating an imbalance in the resulting immune response to each
vaccine component. Such an interference phenomenon has been observed for multi-
valent, live attenuated influenza vaccine (29, 30). Here, all three vaccine vectors were
based on the same attenuated rVSV-N4CT1 vector; differing only in filovirus GP protein
amino acid composition and structure. Findings from mouse immunogenicity studies
indicated that the magnitudes of the filovirus GP-specific immune responses were
significantly different for different vector designs, particularly after a single vaccine
dose, and a comparison of filovirus GP-specific cell-mediated and humoral immune

FIG 10 Filovirus viremia in trivalent rVSV-N4CT1 pan-FiloGP1-vaccinated cynomolgus macaques challenged i.m. with EBOV, SUDV, or
MARV. Trivalent rVSV-N4CT1 pan-FiloGP1- or control rVSV-vaccinated macaques were challenged i.m. with 1,000 PFU 7U EBOV Kikwit (A
and B), SUDV Gulu (C and D), or MARV Angola (E and F). Postchallenge viremia was monitored by RT-qPCR (A, C, and E) or by infectious
plaque assay (B, D, and F).

Trivalent VesiculoVax Protects in Filovirus Challenge Journal of Virology

February 2018 Volume 92 Issue 3 e01190-17 jvi.asm.org 13

http://jvi.asm.org


responses elicited by the various vaccine designs enabled identification of the rVSV-
N4CT1 pan-FiloGP1 vector as an optimal design for further immunogenicity studies.
Additional mouse studies also demonstrated that there were negligible differences
between the SUDV and EBOV GP-specific IgG responses elicited by either of the
corresponding monovalent formulations or the trivalent vaccine formulation following
a single vaccine dose. However, the MARV GP-specific immune response was signifi-
cantly lower following single-dose vaccination with the trivalent formulation than after
single-dose vaccination with the corresponding monovalent formulation, possibly
indicating some form of vector interference or immunological competition between
the different filovirus GP proteins when given as a multivalent vaccine. Nevertheless,
IgG responses to all three filovirus GP proteins were relatively robust at all times after
one and two doses of vaccine given either as monovalent or in a trivalent formulation,
indicating that the efficacy of a trivalent vaccine might be similar to that of a mon-
ovalent vaccine. Notably, and consistent with known antigenic relatedness, there was
substantial and significant filovirus GP-specific IgG cross-reactivity between the EBOV
and SUDV GP proteins that was absent in the MARV GP-specific response in the mouse
studies (3, 31). However, this cross-reactivity between EBOV and SUDV GPs does not
confer protection on monovalent-vaccine-vaccinated mice and NHP’s when challenged
with a heterologous filovirus.

The relatively robust filovirus GP-specific IgG responses and modest but balanced
cellular immune responses to the rVSV-N4CT1 pan-FiloGP1 vectors in mice provided
sufficient encouragement to test the efficacy of a trivalent vaccine formulation in NHPs.
Consistent with the GP-specific IgG responses detected in mice, at 2 weeks postvacci-
nation with trivalent vaccine, significant IgG responses to the EBOV, SUDV, and MARV
GPs were observed. Also notable was the absence of detectable neutralizing antibody
responses against EBOV and MARV relative to control macaques 14 days after vacci-
nation and a SUDV neutralizing response that was only marginally above control levels
(data not shown). Nevertheless, all the macaques that received a single dose of trivalent
vaccine were protected from serious disease and death after i.m. challenge with 1,000
PFU of EBOV, SUDV, or MARV on study day 28.

Our data indicated that the observed level of protection in the vaccinated macaques
was due primarily to the elevated level of circulating virus-specific antibody at the time
of challenge. Therefore, the following question remained: if EBOV-specific antibody was
permitted to return to a baseline steady state, would the same level of protection be
achieved? A pilot study to address this question showed that cynomolgus macaques
vaccinated with a monovalent N4CT1-EBOV vaccine provided slightly reduced protec-
tion 6 months postvaccination following challenge with a lethal dose of EBOV (unpub-
lished results). Even though the circulating virus-specific antibody titers declined
through time, the vaccinated macaques mounted a sufficient immune response against
EBOV challenge, providing significant protection from death (and possibly disease).
Further studies are needed to determine the level of protection when the time interval
between vaccination and challenge is increased beyond 6 months and when vacci-
nated macaques are challenged with a heterologous filovirus.

Significant levels of postchallenge EBOV and SUDV genomic RNA in blood from 5 of
15 vaccinated macaques indicated that sterilizing immunity was not achieved by a
single vaccine dose and is not necessary for protection from disease. However, the
extent of the infection was blunted, since no replicating postchallenge EBOV or SUDV
was found in the vaccinated NHPs. Collectively, these observations suggest that
filoviruses can replicate and spread throughout the bodies of vaccinated macaques in
the days following challenge; however, it is likely that the vaccine-induced GP-specific
humoral and CMI responses impede challenge virus growth despite the absence of
detectable neutralizing antibodies early in the infection, allowing time for expansion of
the anamnestic GP-specific response, which then shuts down the virus infection before
it reaches a critical disease threshold.

Supporting this contention is the relatively high-level and persistent postchallenge
EBOV genomic RNA detected in plasma from macaque number 68453, correlating with
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a relatively low corresponding GP-specific IgG ELISA titer at day 14 postvaccination. This
macaque also showed very mild signs of clinical disease, which resolved without
complications. However, the relatively small number of macaques in each challenge
group make any clear correlation between the level of immune response, the level of
challenge virus replication, and the relative level of disease symptoms very difficult.

The results of these studies clearly demonstrate that a single i.m. dose of a trivalent
formulation composed of attenuated rVSV-N4CT1GP1 vectors expressing the GP pro-
tein(s) of EBOV, SUDV, and MARV protects macaques from significant disease and
death following i.m. challenge with a lethal dose of any of the three filoviruses.
These findings, together with very promising preliminary safety data from an
ongoing phase I clinical study with an analogous monovalent rVSV-N4CT1GP1 EBOV
vaccine (Profectus BioSciences; https://clinicaltrials.gov/ct2/show/NCT02718469),
support testing of a trivalent filovirus vaccine formulation in phase I clinical trials as the
next step in identifying a vaccine that is safe and has broad-spectrum protective
efficacy against this group of viral pathogens. In addition, new filovirus vaccine targets,
such as the Bundibugyo GP, could be incorporated into the attenuated rVSV backbone
to combat new emerging filovirus strains. In the future, blanket immunization with such
a vaccine in sub-Saharan Africa may either prevent or greatly limit any future out-
break(s) of disease caused by members of the genera Ebolavirus and Marburgvirus.

MATERIALS AND METHODS
Generation and characterization of filovirus vectors. As previously described (26), an attenuated

rVSV-N4CT1 EBOVGP1 vector (serotype Indiana) expressing the EBOV GP (1976 Mayinga isolate) was
generated and used as the backbone for generating two additional rVSV-N4CT1 vectors encoding the
SUDV and MARV GPs in the 1st position of the genome (Fig. 1A). The cDNA for Sudan GP (1976 Boniface
isolate) was kindly provided by Heinz Feldmann, Rocky Mountain Laboratories, NIH, and the gene
encoding Marburg GP (2005 Angola isolate; GenBank accession no. DQ447653.1) was de novo synthe-
sized (Genewiz, South Plainfield, NJ). All full-length EBOV, SUDV, and MARV GPs were generated by PCR
using primers to create flanking XhoI/NotI restriction sites for cloning into the rVSV genome cDNA. A
vector expressing filovirus GP from the 3rd position in the genome was generated by cloning the GP
genes into XhoI/NotI restriction sites contained within a multiple cloning site (MCS) in a transcriptional
cassette located between VSV M and N genes, where the N gene was in position 4 of the genome. This
manipulation was followed by the insertion of a PCR fragment containing a portion of the VSV L gene,
a modified VSV G CT1 gene, and trailer sequence into the resulting N4 genome at position 6 via unique
HindIII/RsrII sites, generating the rVSV-N4(G*CT1)6 FiloGP3 genomic cDNA (Fig. 1B). The modified G*CT1
component was generated by deleting nucleotides 52 to 1209 in the G CT1 cDNA and inserting a
cytoplasmic epitope of VSV G (QIYTDIEMNRLGK) into the extracellular- membrane-proximal region of the
G stem close to the G trimerization signal. The less attenuated N1 vectors were generated by first cloning
EBOV, SUDV, or MARV GP genes into a VSV-N1ΔG backbone via XhoI/NotI restriction sites contained in
an MCS within a transcriptional cassette located at position 3 of the genome. Then, PCR primers
AATAACATTAGTCGACGGTATAAGCTTTTGG and AATAACATTAGCTAGCCCGCACTAGTATCGAG were used
to generate a DNA fragment containing a portion of VSV L, a modified G*CT1 gene, and trailer sequence
at position 6 of the genome via unique HindIII/RsrII sites to generate the rVSV-N1(G*CT1)6 FiloGP3 cDNA
(Fig. 1C). For control vaccine, an attenuated rVSV-N4CT1 HIVgag1 design (20) expressing HIV-1 gag in the
first position of the genome was used in animal studies (Fig. 1D).

The rVSV-filovirus vectors were rescued from genomic cDNA as previously described (32). The
rescued virus was plaque purified and amplified on Vero cell monolayers (ATCC CCL-81). For animal
studies, virus vectors were purified from infected BHK-21 (ATCC CCL-10) cell supernatants by centrifu-
gation through a 10% sucrose cushion. The purified virus was resuspended in phosphate-buffered saline
(PBS), pH 7.0, mixed with a sucrose phosphate (SP) stabilizer (7 mM K2HPO4, 4 mM KH2PO4, 218 mM
sucrose), snap-frozen in ethanol-dry ice, and stored at �80°C until it was ready for use. Virus titers were
determined by plaque assay on Vero-E6 cells and stained with a 1% crystal violet solution for fixing and
visualization.

All rVSV-filovirus vaccine vectors were characterized by full genomic sequencing to ensure that
attenuating mutations were intact and that additional deleterious mutations were not introduced into
GP genes; expression of each filovirus GP was also confirmed by Western blotting and plaque immu-
nostaining with GP-specific monoclonal antibodies (detailed below). For sequence analysis, extracted
viral RNA (vRNA) was used to generate six overlapping cDNA fragments spanning the viral genome using
VSV-specific primers in the Superscript III one-step RT-PCR system with Platinum Taq High Fidelity
(Invitrogen). The PCR products were purified, and the sequences of both DNA strands were determined
by dye terminator cycle sequencing. The resulting viral genome consensus sequence(s) was aligned with
the plasmid DNA encoding the full-length viral genome used for virus rescue in the SeqMan program
(DNAStar).

GP expression was analyzed by Western blot analysis of rVSV-filovirus-infected cell lysates run on
a 4 to 12% PAGE gel and probed with either monoclonal mouse anti-EBOV GP (clone 4F3; IBT
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Services; catalog no. 0201-020), anti-SUDVGP (clone 2H5; IBT Services; catalog no. 0202-029), or
polyclonal rabbit anti-MARVGP (IBT Services; catalog no. 0303-007) antibodies at 1:1,000 dilution.
The GP bands were then detected with an anti-mouse or anti-rabbit-alkaline phosphatase (AP)
conjugate IgG(H�L) (Promega) and developed with a chromogenic substrate (Western Blue; Pro-
mega). Bands were seen at approximately 160, 140, and 110 kDa.

For plaque staining of each filovirus vector, virus samples were serially diluted with Dulbecco’s
minimal essential medium (DMEM) and adsorbed to confluent monolayers of Vero-E6 cells in six-well
plates for 15 min at room temperature, followed by 30 min at 37°C. The plates were then overlaid with
0.8% SeaPlaque agarose (Lonza; catalog no. 50100) prepared in DMEM supplemented with 10% fetal
bovine serum (FBS) and incubated at 32°C in a 5% CO2 humidified incubator for 4 to 6 days. The agar
overlay was removed, and the cell monolayer was fixed with acetone-methanol (1:1) fixative solution for
30 min and then rinsed three times with PBS. The plates were initially blocked with 5% nonfat milk in PBS
and 1% Tween 20 (PBST), followed by incubation with either monoclonal mouse anti-EBOV GP (clone 4F3;
IBT Services; catalog no. 0201-020), anti-SUDVGP (clone 2H5; IBT Services; catalog no. 0202-029), or
polyclonal rabbit anti-MARVGP (IBT Services; catalog no. 0303-007) antibody at 1:1,000 dilution for 1 h at
room temperature. The plates were washed three times with PBST and incubated with either goat
anti-mouse IgG horseradish peroxidase (HRP) conjugate or goat anti-rabbit IgG HRP conjugate at 1:2,000
dilution for 1 h at room temperature, followed by three PBST washes. Protein expression within the
plaques was then visualized with a chromogenic substrate (3,3=-diaminobenzidine [DAB] tablets; Sigma;
catalog no. D5905) until a strong color reaction occurred.

Murine studies. For murine studies, 8- to 10-week-old female BALB/c mice were used. The mice were
maintained in accordance with the Guide for the Care and Use of Laboratory Animals (33). In addition,
procedures for the use and care of the mice were approved by Profectus Bioscience’s and New York
Medical College’s Institutional Animal Care and Use Committees.

Murine IFN-� ELISpot assay. Vaccine-elicited IFN-� ELISpot responses were determined using a
mouse IFN-� ELISpot kit (material number 551881; BD Biosciences, San Diego, CA). The input cell
numbers were 4 � 105 splenocytes/well (4 � 106 splenocytes/ml) assayed in duplicate wells. Briefly, the
splenocytes were incubated for 18 to 20 h at 37°C in complete R10 culture medium (RPMI 1640 medium
supplemented with 10% FBS, 2 mM L-glutamine, 100 units/ml penicillin, 100 �g/ml streptomycin sulfate,
1 mM sodium pyruvate, 1 mM HEPES, 100 mM nonessential amino acids) containing either 2 �g/ml
concanavalin A (ConA) (Sigma) or peptide pools (15-mers overlapping by 11 amino acids; final peptide
concentration, 1 �M [each]) spanning EBOV GP, SUDV GP, or MARV GP. Following development and
drying, the plates were then scanned and counted with a CTL ImmunoSpot analyzer using the
SmartCount data analysis module. The results are reported as IFN-� SFC per 106 cells for each individual
peptide pool. The peptide-specific IFN-� ELISpot responses were considered positive if the response
(minus medium background) was �3-fold above the medium response and �50 SFC/106 cells.

Murine filovirus GP-specific ELISA. Immulon 2HB flat-bottom ELISA plates (Thermo Labsystem;
catalog no. 3455) were coated for 18 h at 4°C with 100 ng/well recombinant proteins (recombinant EBOV
GP minus the transmembrane region [EBOV rGPdTM; catalog no. 0501-015], recombinant SUDV GP minus
the transmembrane region [SUDV rGPdTM; catalog no. 0502-015], and recombinant MARV strain Angola
GP minus the transmembrane region [MARV-Angola rGPdTM; catalog no. 0506-015]). All the recombinant
proteins were purchased from IBT Bioservices, Gaithersburg, MD, and diluted in 0.1 ml carbonate/
bicarbonate buffer (carbonate/bicarbonate buffer with azide tablets from Sigma; catalog no. 08058-
50TAB-F). The plates were then washed five times with 300 �l of 1� PBS containing 0.1% Tween 20 and
blocked for 2 h at room temperature with 1� PBS containing 0.1% Tween 20 and 3% bovine serum
albumin (BSA). Murine serum samples, diluted with 1� PBS containing 1% BSA and 0.1% Tween 20, were
added to the ELISA plates at a starting dilution of 1:100 and further diluted 3-fold across the plates. The
plates were kept at 4°C overnight, after which they were washed five times with 300 �l of 1� PBS
containing 0.1% Tween 20, a biotin-SP-AffiniPure goat anti-mouse IgG (subclasses 1, 2a, 2b, and 3), Fc�

fragment specific (min X Hu, Bov, Rb Sr Prot; catalog no. 115-065-164; Jackson Laboratory), diluted
1:20,000 with 1� PBS supplemented with 0.1% Tween 20, and 1% BSA was then added (100 �l/well) for
1 h at room temperature. After five washes with 300 �l of 1� PBS containing 0.1% Tween 20, the plates
were incubated for 1 h at room temperature with 100 �l/well of a streptavidin-horseradish peroxidase-
conjugated anti-biotin antibody (500 units/ml stock; Roche Immunochemical, Indianapolis, IN) diluted
1:10,000 with 1� PBS supplemented with 0.1% Tween 20 and 1% BSA for antigen-specific immuno-
globulin detection. Then, the plates were washed five times with 300 �l of 1� PBS containing 0.1%
Tween 20. Finally, the plates were developed by the addition of 100 �l/well of TMB (3,3=,5,5=-tetramethyl
benzidine) (Sigma; catalog no. T-8665). After 3 min, the reaction was stopped by adding 100 �l/well of
1 N sulfuric acid (VWR; catalog no. VW3232-1). Absorbance was measured at 450 nm in a VersaMax plate
reader (Molecular Devices, Sunnyvale, CA). Antigen-specific serum IgG endpoint titers were defined as
the reciprocal of the last serum dilution giving an optical density at 450 nm (OD450) greater than 0.1.

Challenge viruses. Ebola virus Zaire isolate 199510621 (strain Kikwit) originated from a 65-year-old
female patient who had died on 5 May 1995. The study challenge material was from the second Vero E6
passage of Zaire isolate 199510621. Briefly, the first passage at the University of Texas Medical Branch at
Galveston (UTMB) consisted of inoculating CDC 807223 (passage 1 of Ebola virus isolate 199510621) at
a multiplicity of infection (MOI) of 0.001 onto Vero E6 cells. The cell supernatants were subsequently
harvested at 10 days postinfection and put in vials in 1-ml aliquots. Deep sequencing indicated the Zaire
virus was greater than 98% 7U (consecutive stretch of 7 uridines). No detectable mycoplasma or
endotoxin levels were measured at �0.5 endotoxin units (EU)/ml. Ebola virus Sudan isolate 200011676
(strain Gulu) originated from a 35-year-old male patient who had died on 16 October 2000. The study
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challenge material was from the second Vero E6 cell passage of Sudan isolate 200011676. Briefly, the first
passage at UTMB consisted of inoculating CDC 808892 (CDC passage 1 of Sudan isolate 200011676) at
an MOI of 0.001 onto Vero E6 cells. The cell supernatants were subsequently harvested at 7 days
postinfection and put into vials in 1-ml aliquots. No detectable mycoplasma or endotoxin levels were
measured at �0.5 EU/ml. Marburg virus Angola isolate 200501379 originated from human serum from
an 8-month-old female patient in Uige, Angola. The serum was collected 17 days postonset, 1 day before
death. The study challenge material was from the second Vero E6 cell passage of Marburg virus Angola
isolate 200501379. Briefly, the first passage at UTMB consisted of inoculating CDC 810820 at an MOI of
0.001 onto Vero E6 cells. The cell supernatants were subsequently harvested at 6 days postinfection and
put into vials in 1-ml aliquots. No detectable mycoplasma or endotoxin levels were measured at �0.5
EU/ml.

Nonhuman primate vaccination and challenge. Twenty-one healthy, filovirus-naive, adult (�3 to
9.5 kg) cynomolgus macaques (Macaca fascicularis; Covance Research Products) were randomized into
three groups of five experimental animals and two control animals each. At Battelle Memorial Institute,
the experimental animals were vaccinated by intramuscular injection of 3 � 107 PFU of the trival
rVSV-N4CT1 pan-FiloGP1 vaccine, and the control animals were vaccinated by intramuscular injection of
3 � 107 PFU of an irrelevant rVSV-N4CT1-HIVgag1 vaccine. The macaques were transferred to UTMB and
challenged 4 weeks after the single vaccination by intramuscular injection with 1,000 PFU of EBOV strain
Kikwit for group 1, 1,000 PFU of SUDV strain Gulu for group 2, or 1,000 PFU of MARV strain Angola for
group 3. All the macaques were given physical examinations, and blood was collected before vaccina-
tion; at day 10 after vaccination; at the time of challenge; and on days 3, 6, 10, 14, 22, and 28 after
challenge. The macaques were monitored daily and scored for disease progression with an internal
filovirus scoring protocol approved by the UTMB Institutional Animal Care and Use Committee (IACUC)
in accordance with state and federal statutes and regulations relating to experiments involving animals
and by the UTMB Institutional Biosafety Committee. The scoring changes measured from baseline
included posture/activity level; attitude/behavior; food and water intake; weight; respiration; and disease
manifestations, such as visible rash, hemorrhage, ecchymosis, or flushed skin, with increased scores
resulting in euthanasia.

Clinical observations. The macaques were observed daily and scored for general distress, anorexia
(food consumption), weakness, recumbency, hunched posture, unresponsiveness, dyspnea, nasal exu-
date, edema (facial, cervical, or other), rash (petechial or ecchymotic), bleeding (oral, nasal, rectal, or
other), emesis/hematemesis, dehydration, and diarrhea. In addition, the macaques were given physical
examinations on days 0, 3, 6, 10, 14, and 28 after filovirus challenge. The physical examinations consisted
of assessing body weight, rectal temperature, dyspnea, nasal exudate, edema (facial, cervical, or other),
rash (petechial or ecchymotic), bleeding (oral, nasal, rectal, or other), emesis/hematemesis, dehydration,
and diarrhea. A humane endpoint scoring sheet was approved by the UTMB IACUC. The scoring criteria
included four parameters: (i) respiration (increased or decreased rate, abdominal breathing, or agonal
breathing), (ii) appetite (eating biscuits and/or enrichment), (iii) activity and appearance (hunched or
prostate), and (iv) bleeding/hemorrhage (petechial rash, ecchymotic rash, controlled bleeding, or un-
controlled bleeding). The scores in each parameter ranged from 0 for normal to 9 for increased disease.
The scores from all the parameters were totaled, and any animal that reached a score of greater than or
equal to 9 was euthanized.

Macaque IFN-� ELISpot assay. Vaccine-elicited IFN-� ELISpot responses were determined using a
T-cell human IFN-� ELISpot kit (material number CTL HIFNG-10; Cellular Technology Ltd., Shaker Heights,
OH). Briefly, heparinized whole blood was collected 10 days after immunization of the macaques, and
PBMCs were isolated from the whole blood by Ficoll-Hypaque density gradient centrifugation and
cryopreserved. The cryopreserved macaque PBMCs were then thawed and first cultured overnight with
complete R10 culture medium. The cells were then collected, counted, and resuspended in complete R05
culture medium (RPMI 1640 medium supplemented with 5% FBS, 2 mM L-glutamine, 100 units/ml
penicillin, 100 �g/ml streptomycin sulfate, 1 mM sodium pyruvate, 1 mM HEPES, 100 mM nonessential
amino acids) containing either 5 �l/ml phytohemagglutinin mucoprotein (Sigma); peptide pools (15-
mers overlapping by 11 amino acids; final peptide concentration, 1 �M [each]) spanning the EBOV GP,
SUDV GP, or MARV GP; or medium alone. The input cell number was 2 � 105 PBMCs per well (2 � 106

PBMCs/ml), and the cells were assayed in duplicate wells. The cells were incubated for 20 to 24 h at 37°C.
Following development and drying, the plates were scanned and cells were counted with a CTL
ImmunoSpot analyzer using the SmartCount data analysis module. Peptide-specific IFN-� ELISpot
responses were considered positive if the responses (minus the medium background) were 3-fold above
the medium response and �25 SFC/106 PBMCs. Unpaired t test analysis of IFN-� ELISpot data was
performed with GraphPad Prism version 5.02 software. Two-tailed P values of less than 0.05 indicated
that the test results were statistically significant.

NHP filovirus anti-GP IgG ELISA. Immulon 2HB flat-bottom plates (Fisher Scientific; catalog no.
14-245-61; lot no. NT520833) were coated with 50 ng/well of purified recombinant GP (rGP) (Advanced
Bioscience Laboratories; EBOV Kikwit lot 17OCT13; SUDV Gulu lot 22JUL13; MARV Ci67 lot 12DEC2013).
The plates were incubated overnight at 2 to 8°C. After incubation, the unbound rGP was removed by
washing three times with 300 �l/well ELISA wash buffer (1� PBS, 0.1% Tween 20). The reference standard
(RS) (Battelle Memorial Institute; EBOV RS, lot BMIZAIRE007; SUDV RS, lot BMISUDAN001; MARV RS, lot
BMIMARV001) was diluted in ELISA diluent (1� PBS, 5% skim milk, 0.1% Tween 20) and added to rows
A and B, columns 1 to 11, of each plate, creating an 11-point 2-fold dilution series (100 �l/well). The
negative control (NC) (BMI, lot BMI298) was diluted 1:50 in ELISA diluent, and 100 �l was added to wells
A12 and B12. The test serum samples and quality controls were added to row C and diluted down the
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remainder of the plate to create a six-point, 2-fold dilution series (rows C through H). The prepared ELISA
plates were incubated for 60 � 5 min at 37 � 2°C. During this incubation period, the goat anti-NHP IgG
HRP-conjugated secondary antibody (conjugate; Fitzgerald; catalog no. 43R-IG020HRP) was diluted in
ELISA diluent (EBOV, 1:26,000; SUDV, 1:38,000; MARV, 1:26,000). The plates were washed again three
times with 300 �l/well ELISA wash buffer, and 100 �l of the appropriate diluted conjugate was added
to each plate. The plates were incubated for 60 � 5 min at 37 � 2°C. Following incubation, the plates
were washed three times, and 100 �l of TMB (Fisher Scientific; catalog no. N301) substrate was added to
each well of the plate and incubated for 10 � 2 min at room temperature to allow the colorimetric
reaction to take place. Following incubation, 100 �l of TMB stop solution (Fisher Scientific; catalog no.
N600) was added. Absorbance was measured at 450 nm (reference wavelength, 650 nm) using a BioTek
(Winooski, VT) ELx405 microplate reader accompanied by Gen5 software version 2.01.12. Quality control
and test sample concentrations (in ELISA units per milliliter) were calculated using SoftMax Pro version
4.7 software (Molecular Devices, Sunnyvale, CA) based on the reference curve.

Detection of viremia by plaque assay. Titration of the rVSV-N4CT1 vaccine vectors; confirmation of
the challenge dose; and titration of EBOV, SUDV, or MARV in plasma after challenge were performed by
standard plaque assay on Vero E6 cell monolayers as previously described (16). Briefly, serial 10-fold
dilutions of the samples were adsorbed to Vero E6 monolayers in duplicate wells of six-well plates (200
�l/well). Following adsorption, the inoculum was removed by aspiration, and the monolayers were
overlaid with 3 ml of 0.8% SeaPlaque agarose in DMEM. The agarose was permitted to set at room
temperature for 15 min, and the plates were then incubated at 32°C under 5% CO2 for 3 to 4 days (for
rVSV-N4CT1 vectors) or 7 to 10 days (for filoviruses) to allow plaque development. The limit of detection
was 25 PFU/ml.

Detection of viremia by RT-qPCR. RNA was isolated from whole blood utilizing the Viral RNA
mini-kit (Qiagen) using 100 �l of blood added to 600 �l of the viral lysis buffer supplied in the kit. Primers
and probe targeting the VP30 gene of EBOV, the L gene of SUDV, and the NP gene of MARV were used
for real-time quantitative PCR (RT-qPCR) with the following probes: EBOV, 6-carboxyfluorescein (FAM)-5=
AGG CTT CCC TCG CTG CCG TTA TG 3=-6 carboxytetramethylrhodamine (TAMRA); SUDV, FAM-5= CAT CCA
ATC AAA GAC ATT GCG A 3=-TAMRA; and MARV, FAM-5= CCC ATA AGG TCA CCC TCT TC 3=-TAMRA (Life
Technologies). Viral RNA was detected using the CFX96 detection system (Bio-Rad Laboratories, Hercules,
CA) in one-step probe RT-qPCR kits (Qiagen) with the following cycle conditions: EBOV, 50°C for 10 min,
95°C for 10 s, and 40 cycles of 95°C for 10 s and 57°C for 30 s; SUDV and MARV, 50°C for 10 min, 95°C
for 10 s, and 40 cycles of 95°C for 10 s and 59°C for 30 s. Threshold cycle (CT) values representing viral
genomes were analyzed with CFX Manager software, and the data are shown as genome equivalents
(GEq) per milliliter. To create the GEq standard, RNA from viral stocks was extracted, and the number of
strain-specific genomes was calculated using Avogadro’s number and the molecular weight of each viral
genome.

Hematology and serum biochemistry. Total white blood cell counts, white blood cell differentials,
red blood cell counts, platelet counts, hematocrit values, total hemoglobin concentrations, mean cell
volumes, mean corpuscular volumes, and mean corpuscular hemoglobin concentrations were analyzed
from blood collected in tubes containing EDTA using a laser-based hematologic analyzer (Beckman
Coulter). Serum samples were tested for concentrations of albumin, amylase, alanine aminotransferase
(ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), gammaglutamyltransferase (GGT),
glucose, cholesterol, total protein, total bilirubin (TBIL), blood urea nitrogen (BUN), creatinine (CRE), and
C-reactive protein (CRP) by using a Piccolo point-of-care analyzer and Biochemistry Panel Plus analyzer
discs (Abaxis).

Statistical analysis. Unpaired t test analysis of murine and NHP IFN-� ELISpot data was performed
on GraphPad Prism version 5.02 software. Two-tailed P values of less than 0.05 indicated that the tests
were statistically significant.
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